izers. However, contemporary livestock production is characterized by confined growth facilities where col- fertilized soils. Data of this nature are currently lacking for southeastern swine production operations that commonly employ anaerobic lagoon-spray field waste man-T he current atmospheric nitrous oxide (N 2 O) conagement technology. Consequently, this investigation centration of about 312 nL L Ϫ1 exceeds the preinwas aimed at evaluating environmental controls on N 2 O dustrial concentration by about 15% and systematic emission from a spray field at a regionally representative global measurements over the last 20 yr indicate that facility. Temporal patterns for N 2 O efflux and changes the atmospheric concentration continues to rise at a in soil physicochemical properties (NO 3 , NH 4 , temperarate of about 0.25% yr Ϫ1
T he current atmospheric nitrous oxide (N 2 O) conagement technology. Consequently, this investigation centration of about 312 nL L Ϫ1 exceeds the preinwas aimed at evaluating environmental controls on N 2 O dustrial concentration by about 15% and systematic emission from a spray field at a regionally representative global measurements over the last 20 yr indicate that facility. Temporal patterns for N 2 O efflux and changes the atmospheric concentration continues to rise at a in soil physicochemical properties (NO 3 , NH 4 , temperarate of about 0.25% yr Ϫ1 (Houghton et al., 1996) . This ture, moisture) were tracked in field plots amended with contemporary increase is of concern because N 2 O is liquid lagoon effluent, individual chemical constituents important in the tropospheric radiation balance and in of effluent (NH 4 -N, labile-C), NO 3 -N, or deionized stratospheric ozone chemistry.
water. Modern agriculture is characterized by an exponential MATERIALS AND METHODS increase in the use of N fertilizers (Vitousek et al., 1997) . Increased rates of N 2 O evolution by N-fertilized soils is Site well documented in field and laboratory studies (e.g.,
The study site was a corporate, 1200 sow farrow-to-finish summary by Sahrawat and Keeney, 1986) . Thus, the swine production facility that had been in operation for 6 yr accelerated application of N fertilizers in crop producand is centrally located (35Њ06ЈN, 78ЈW) within North Carolition is regarded as a major reason for enhanced N 2 O na's Hog Belt in Sampson County (Fig. 1) . Waste management release from soils, and agriculture is presently estimated practices are regionally representative. Swine waste is deposto contribute 90% of total anthropogenic N 2 O emissions ited into a below-floor sump and is pumped into a single (Duxbury, 1994) .
anaerobic lagoon of 2.6-ha surface area where the liquid phase Field and laboratory studies of N 2 O emission in agroeis land-applied to 63 ha of spray fields via a traveling big gun sprinkler system. cosystems focus largely on the effect of mineral N fertil- The spray field selected for study had been fertilized with (described below). A rainout shelter extended over the 120-m 2 field section and the surrounding soil to exclude precipitation, swine effluent for 4 yr. It had been conventionally tilled and was planted to a crop rotation of soybeans [Glycine max (L.) such that observed changes in N 2 O emission and soil physicochemical properties would reflect the influence of fertilization Merr.] and winter wheat. A quantity of 1.25 to 2.5 cm per alone. Shelters consisted of a permanent frame lattice and application and a monthly application frequency during the removable tarpaulins that were deployed only during actual crop growing season are common. Soils were a Goldsboro or anticipated rainfall. The design allowed free circulation of loamy sand (fine-loamy, thermic, aquic Typic Paleudult). The air through the shelters at all times. Plots were successfully surface layer (0-20 cm) had a pH, organic C and total N covered prior to and during every rain in both experiments. content of 6.2, 13.3, and 0.84 g kg Ϫ1 , respectively, and a particle The total volume of deionized water, swine waste, or liquid size distribution of 640, 230, and 130 g kg Ϫ1 of sand, silt, and nutrient medium added to each fertilized plot in both expericlay, respectively. ments was 12.5 L, with 0.8 L added to the soil collar and 11.7 L distributed to the remainder of the plot. Liquid was added
Experimental
gradually over a 2-h period with hand-held watering cans to Two experiments were performed during April and early avoid ponding and to ensure ample time for infiltration. SamMay 1998 while the spray field was planted to winter wheat.
ple cups (130 mL) were positioned along grids within the plot Both experiments involved fertilization of 0.7-ϫ 0.7-m (exclusive of the flux collar) to ensure even application of (0.5-m 2 ) field plots with liquid swine waste, deionized water, liquid. Separate addition of liquid to the soil isolated by the or nutrients (inorganic N, glucose-C). Prior to each expericollar ensured that soils used for flux determinations received ment, 24 plots were established linearly in groups of three exactly the target application. The total liquid volume applied along a transect within one of two adjoining 3-ϫ 40-m sections and the within-plot partition scheme simulated a plot-wide, (120 m 2 ) of the spray field. Plots within a group were separated 2.5-cm application. by 0.3 m. Groups of plots were separated by 1.5 m to ensure Experiment 1 was intended to determine what constituents that any lateral movement of liquid fertilizer did not contamior combination of constituents of swine waste (liquid alone, nate neighboring groups. Nutrient analysis of soil samples N, C) stimulated N 2 O emission and to evaluate the influence collected between plots indicated that Ͻ10% of the added of each treatment on soil N cycling dynamics. Each of the fertilizer migrated laterally offsite and that neighboring plots three 0.5-m 2 plots within a randomly selected cluster was were not affected. A polyvinyl chloride collar (20-cm diam ϫ amended with 2.5 cm of (i) liquid lagoon swine waste that 11-cm height) was pressed 4 cm into the soil centrally within had total N, NH 4 -N, and dissolved organic C concentrations each 0.5-m 2 plot. Nitrous oxide flux determinations (described of 660, 600, and 530 mg L Ϫ1 , respectively; (ii) NH 4 Cl (660 mg below) were made within each collar. Groups of collars within N L
Ϫ1
); (iii) glucose (530 mg C L
); (iv) NH 4 Cl (660 mg N a 120-m 2 field section that showed no significant differences L Ϫ1 ) plus glucose (530 mg C L Ϫ1 ); (v) deionized water; and in mean pre-fertilization N 2 O emission (statistical methods (vi) no addition (control). Treatments (i) through (vi) were coded W, NH4, C, NC, H2O, and CT, respectively. Chemical described below) were selected for experimental manipulation constituents of synthesized media were consistent in concenzoidal rule to calculate area-based N 2 O-N emission over the entire observational period for each experiment. tration with the nutrient analysis of the liquid swine waste. The nutrient load to all N-fertilized plots was 165 kg N ha Ϫ1 . Experiment 2 was intended to (i) provide information con-
Soil Physicochemical Measurements
cerning a dose response to fertilization, (ii) give added insight All soil cores collected in conjunction with N 2 O flux meainto the relationship between soil N cycling dynamics and N 2 O surements were homogenized and sieved (4-mm mesh). Soil emission, and (iii) assess the impact of a simulated rain on N 2 O nutrients were extracted (2 M KCl; 10:1 volume/soil wet emission after fluxes had returned to prefertilization levels. weight) on a rotary shaker (1 h at 200 rpm). Soil NO 3 -N ϩ Triplicate, randomly selected plots were amended with 2.5 cm NO 2 -N (hereafter referred to as NO 3 -N) and NH 4 -N concenof (i) NH 4 Cl (600 mg N L Ϫ1 ); (ii) NH 4 Cl (300 mg N L Ϫ1 ); (iii) trations in extracts were determined by the copperized cad-KNO 3 (600 mg N L Ϫ1 ); (iv) KNO 3 (300 mg N L Ϫ1 ); and (v) mium reduction and the indophenol blue methods, respecno addition (control). Treatments (i) and (iii) were designated tively (Keeney and Nelson, 1982) , following sample filtration as ù highú (150 kg N ha Ϫ1 ), while (ii) and (iv) were considered through Whatman no. 42 filter paper. Total N and organic C ù lowú (75 kg N ha Ϫ1 ). Mineral-based, liquid media were used were determined by dry combustion with a Carlo Erba (Milan, for all treatments in this experiment because swine waste-N Italy) NA 1500 Elemental Analyzer. Soil moisture was meais largely NH 4 and waste addition would also result in an sured gravimetrically (oven-dried at 105ЊC), and texture was unwanted organic-C amendment. Treatments (i) through (v) assessed hydrometrically. Percentage water-filled pore space were designated as NH4H, NH4L, NO3H, NO3L, and CT, re-(% WFPS) was calculated as the ratio of volumetric soil water spectively.
content to total soil porosity. Soil pH was measured potentioFollowing nutrient addition, N 2 O flux determinations were metrically on 1:2 soil-deionized water slurries equilibrated for made within 3 or 4 h, daily thereafter for 3 or 4 d and then 24 h. less frequently (2-or 3-d intervals) until experiments were Liquid lagoonal swine effluent was analyzed for NH 4 -N terminated at 8 or 11 d. The influence of increased soil moisas described above and for total N by persulfate oxidation ture (simulated rainfall) on N 2 O emission was evaluated after (Solorzano and Sharpe, 1980) . Dissolved organic C was deterthe flux determination on Day 11 in Exp. 2 by adding 2.5 cm mined by high temperature catalytic oxidation with a Shiof deionized water as described above and reassessing N 2 O madzu (Columbia, MD) Model 5000 Total Organic Carbon flux 3 h later.
Analyzer. Supporting physicochemical data were collected in conjunction with N 2 O flux measurements. A soil temperature profile Statistical was measured at a reference station with a multithermistor probe (3-cm intervals) and the mean soil temperature to 20 cm
The influence of treatment on N 2 O emission and soil nutriwas calculated. A soil core (20-cm length ϫ 2.5-cm diam) ent concentrations in each experiment was evaluated by Single collected within each plot was homogenized and analyzed for Factor Analysis of Variance. Multiple comparisons of treat-NO 3 -N ϩ NO 2 -N, NH 4 -N, and moisture content. Replicate ment means was performed by Tukey's Honestly Significant (n ϭ 5) cores showed coefficients of variation (CV) of 11 and Difference (HSD) Procedure. In both tests, data were log-7% when analyzed for NH 4 -N and NO 3 -N, respectively. Physitransformed as necessary to satisfy assumptions of normality cochemical measurements focused on the surface 20 cm soil and homoscedasticity (Zar, 1984) . Pearson correlation analysis because Ͼ90% of potential nitrifying and denitrifying activity was used to relate N 2 O flux and environmental variables. A were localized within this soil zone (Whalen et al., 1999) .
significance level of ␣ ϭ 0.05 was used for all tests.
Nitrous Oxide Determinations

RESULTS
Nitrous oxide flux measurements were made by the static
Experiment 1
chamber technique (Whalen and Reeburgh, 1988) . Briefly, open-bottomed, cylindrical polyvinyl chloride covers (20-cm Only treatments that included an N addition (NH4, lower than emission from the NC and NH4 treatments
Nitrous oxide was measured with a Shimadzu (Columbia, (Fig. 2) . Nitrous oxide emissions among CT, C, and
Ni electron capture detector gas chromato-H2O treatments were not significantly different within graph. Operating conditions and instrument calibration are sampling sessions throughout the entire experiment. By described previously (Whalen et al., 1999 treatments. Nitrous oxide emissions were 9-to 25-fold ments that did not include an N amendment (e.g., Fig.  3a ). In contrast, treatments that included N addition higher for treatments that included N addition compared with those that did not include N addition. No showed an immediate (0.16 d) increase in soil NH 4 to about 45 mg N kg Ϫ1 soil. Nitrogen mass balances showed significant differences in flux were found among treatments that did not include N. However, significant difthat soil NH 4 -N concentrations at 0.16 d represented about 77 to 83% of the expected values if the applied ferences in emission were observed among N-treated plots. Specifically, the time-integrated N 2 O flux of N were entirely retained in the 0-to 20-cm soil zone at that time. Thereafter, NH 4 -N concentrations showed a 20.8 mg N m Ϫ2 for the NC treatment was significantly higher than the 8.5 mg N m Ϫ2 observed for the W treatrapid decline to prefertilization levels by Day 8 (Fig.  3b) . Gradually increasing NO 3 accompanied decreasing ment. Fractional loss of applied fertilizer to N 2 O during the measurement period for the three treatments that NH 4 for N-inclusive treatments, with concentrations reaching 16.9 mg N kg Ϫ1 soil. Comparison of soil nutrient included N varied from 0.05 to 0.13%.
Nitrate and NH 4 concentrations were essentially inconcentrations on each sampling date for N-inclusive treatments showed significant differences only for variant at prefertilization levels of Ͻ3.7 mg N kg Ϫ1 soil throughout the 8-d observational period for all treat-NO 3 -N on Days 6 and 8, where concentrations for the W treatment were significantly lower than concentra- this time period (Fig. 4b) . However, statistically significant positive correlations H2O treatment (r ϭ Ϫ0.86). 
Experiment 2
watering fluxes for N-fertilized plots was observed with respect to the NO3L and NH4H treatments, where N 2 O Nitrogen fertilization elicited an immediate increase emission in the latter was significantly greater than that in N 2 O emission (Fig. 5) , as in Exp. 1. Nitrous oxide in the former. fluxes for NO3H and NO3L treatments peaked at Time-integration of fluxes to Day 11 (post-watering around 4100 g N m Ϫ2 h Ϫ1 immediately after nutrient data excluded) showed that N fertilization increased addition and steadily decreased thereafter to Day 11. N 2 O emission over controls by a factor of about 20 to The maximum observed fluxes represented about a 160-40 (Table 1) . Nitrous oxide fluxes for the NO3H, NO3L, fold increase over prefertilization values of 21 to 27 g and NH4H treatments were nearly identical, varying N 2 O-N m Ϫ2 h Ϫ1 . In contrast to NO 3 fertilization, the from 75.8 to 88.8 mg N m Ϫ2 . In contrast, efflux from the increase in N 2 O emission following NH 4 fertilization was NH4L treatment was about half as large and signifinot as dramatic. The maximum flux of about 590 g cantly lower, at 38.2 mg N m Ϫ2 . Collectively, these data N m Ϫ2 h Ϫ1 represented about a 12-fold increase over point to a dose response for NH ϩ 4 fertilization, but not prefertilization values. However, N 2 O fluxes declined for NO Ϫ 3 fertilization, at least over the period of mealess rapidly for soils fertilized with NH 4 -N than for soils surement. Fractional loss of applied fertilizer to N 2 O amended with NO 3 -N, especially for the NH4H during the measurement period varied from 0.6 to 1.0%. treatment.
Nitrate and NH 4 -N concentrations for the CT treatComparison of data within each sampling session (Fig. ment deviated little from prefertilization levels of about 5) showed that through Day 1 fluxes were significantly 1.5 and 4.0 mg N kg Ϫ1 soil throughout the 11-d observahigher for NO Ϫ 3 than for NH ϩ 4 fertilization. On Days 2 tional period (data not shown). The time course for through 4, the NH4H treatment resulted in N 2 O fluxes change in soil inorganic N concentrations for the NH4H that were significantly greater than those recorded at and NH4L treatments (Fig. 6a ) was similar to the pattern all or most of the other N treatments. By Day 11, N 2 O observed for treatments that included N in Exp. 1 ( (Fig. 6b) organic N, labile C), the N supply was most limiting in showed an initial spike in NO 3 concentration to 46 and this spray field. Only treatments that included N stimu-22 mg N kg Ϫ1 soil for NO3H and NO3L treatments and lated N 2 O emission over controls ( Fig. 2 ; Table 1 ). The a gradual decline in concentration to 24 (NO3H) and increase in % WFPS to about 60 to 75% for the few 7.5 mg N kg Ϫ1 soil (NO3L) by Day 11. Soil NH 4 remained days following fertilization (Fig. 4a) is within the range essentially constant at prefertilization concentrations of values previously reported to favor N 2 O production throughout the entire experiment for both the NO3H by both nitrifiers and denitrifiers (Linn and Doran, and NO3L treatments. 1984) . Glucose serves as a readily available C source in Prefertilization values for % WFPS in Exp. 2 ranged assays for denitrifier enzyme activity (Tiedje, 1994) . The from 56% to 64%. Soil moisture for the CT treatment lack of an N 2 O flux response to the C only treatment generally decreased with time from 56% WFPS at the and the lack of significant difference in flux between start of the experiment to 49% WFPS by Day 11 (Fig. the NC and NH4 treatments in most daily flux determi7a). In contrast, % WFPS immediately increased an nations (Fig. 2) or in time-integrated emissions (Table average of 9% in liquid-amended plots before decreas-1) suggested that native C is adequate to support denitriing an average of 13% by Day 11. The mean soil temperfication in this soil. This result contrasts with previous ature at the reference station varied between about 17 studies in similar sandy coastal plain soils (Lowrance and 25ЊC during the measurement period (Fig. 7b) .
and Smittle, 1988; Lowrance, 1992; Lowrance et al., Values for soil physicochemical variables were some-1998) that showed that denitrification was limited by what better correlated with N 2 O emission in Exp. 2 both anaerobic conditions and a lack of available C. than in Exp. 1. Again, the most frequent relationship
The total C content of soil in this study (13.3 g kg Ϫ1 ) involved soil moisture as significant positive correlations was roughly comparable to values (12-20 g kg Ϫ1 ) for were found between N 2 O flux and % WFPS for the other agricultural soils continuously amended with or-NH4H (r ϭ 0.91), NH4L (r ϭ 0.67), and NO3H (r ϭ ganic waste (Christensen, 1983; Cates and Keeney, 1987; 0.71) treatments. Additional significant, positive corre- Lessard et al., 1996) , although it is impossible to deterlations were observed between NH 4 concentration and mine the fraction of C available to the microbial community. N 2 O flux for the NH4H (r ϭ 0.75) and NH4L (r ϭ 0.97) and reducing soil O 2 (Ellis et al., 1998) . Liquid swine waste accomplishes the first task upon application. The return to prefertilization N 2 O emission rates Hence, an N 2 O flush following rainfall on spray fields within 6 (Fig. 2) to 11 d (Fig. 5) of nutrient addition will likely be due to the latter effect. indicates that the immediate effect of fertilization on
The study site supported a vigorous extant population flux is short lived. The liquid fertilizers used here stimuof nitrifiers, as treatments involving waste or NH 4 -N lated N 2 O production immediately upon addition by addition showed a 15-to 30-fold increase in soil NO 3 rapidly penetrating the soil surface to contact the microover prefertilization levels by the termination of these bial community, reducing O 2 diffusion, enhancing respirelatively short duration experiments (Figs. 3b and 6a ). ratory activity (NC and W treatments; Exp. 1), and This conclusion is supported by additional data (not providing N in a form immediately available for denitrishown) that indicated no change in nitrifier activity in fication (NO 3 ; Exp. 2) or coupled nitrificationdaily monitoring over a 10-d post-fertilization period. denitrification (treatments including NH 4 ; both experiOther studies (Nielsen and Revsbech, 1998; Petersen, ments) . Although N addition initially stimulated 1992) report a lag of several days before NO Ϫ 3 appeared emission, moisture assumed increasing importance as in soils fertilized with liquid cattle waste and attribute experiments progressed. The importance of moisture this delay to the need for population development. Postwas clearly demonstrated in Exp. 2 where baseline fluxes fertilization concentrations of NH 4 were well below the at Day 11 were increased 8-to 30-fold by simulated 300 mg NH 4 -N kg Ϫ1 soil reported by Malhi and McGill rainfall in all N-treated plots (Fig. 5) . The absence of (1982) to be inhibitory to nitrification, indicating that an emission response upon watering control plots that this microbial process will be active as long as O 2 supply were low in NH 4 (4 mg N kg Ϫ1 ) and NO 3 (1 mg kg Ϫ1 ) in is adequate. concert with enhanced emission on watering N-fertilized
The study site also supported a population of denitriplots (Fig. 5) indicated that overall N 2 O production in fying bacteria capable of responding rapidly to fertilizathese soils was controlled by both N availability and soil tion. Prefertilization concentrations of soil NO 3 (Fig. 3 moisture. Enhanced N 2 O efflux following rainfall has and 6) were below the 5 mg N kg Ϫ1 soil threshold for been commonly reported for agroecosystems and is gendenitrification (Ryden, 1983) . Nitrate fertilization imerally attributed to the dual effects of bringing applied mediately (0.12 h) stimulated N 2 O emission 7-fold compared with emission following NH 4 -N addition at similar substrate into contact with the soil microbial biomass levels (Fig. 5) , pointing at least to the potential for Although the N load and liquid volume of the NH 4 , denitrification without a lag upon liquid waste fertiliza-NC, and W treatments in Exp. 1 were similar, the timetion. Overall, these data indicate that repeated fertilizaintegrated N 2 O flux was significantly lower for the W tion of this spray field throughout the year is sufficient treatment than for the NC treatment (Table 1) . Soil to continuously maintain active and responsive nitrify-NH 4 -N concentrations were statistically similar on all ing and denitrifying communities.
dates for all treatments involving N fertilization in Exp. The rapid return of NH 4 -N to prefertilization levels 1 (Fig. 3b) . Hence, a higher immediate postfetilization and the static NO 3 concentrations at 8 or 11 d for plots N loss to volatilization from the W treatment cannot amended with NH 4 -N or swine waste (Fig. 3b and 6a) explain the lower time-integrated N 2 O emission. Dendindicated that volatilization, immobilization, plant uprooven et al. (1998) postulated that specific compounds take, and nitrification had exported, consumed, or transin pig slurry such as antibiotics inhibited nitrification in formed all of the added nutrient. The loss of 4 to 27% soil cores. Likewise, it is possible that antibiotics or of added N in waste and NH 4 -N treatments within hours dietary supplements routinely added to swine feed [(Zn, of fertilization is consistent with the reported 69% loss Cu, and Se; Hatfield et al., (1993) ] negatively affect the of N via NH 3 volatilization within 24 h of liquid swine microbial N cycling community when concentrated in waste application to a Georgia spray field (Sharpe and excretory matter and applied to soils. Qualitatively, data Harper, 1997). Liquid swine waste has low mineralizafor temporal changes in soil NO 3 -N support this postution potential because most of the total N is NH 4 -N, a late as concentrations were significantly higher for the form that is rapidly processed. Thus, liquid swine waste NH4 and NC treatments than for the W treatment at contrasts sharply with manures and slurries in terms of the end of the experiment (Fig. 3b) . N cycling dynamics. Manures and slurries have medium-
Fractional loss of applied fertilizer as N 2 O in both term effects (i.e., several months) on soil nutrient status experiments (range 0.05-1.0%) was somewhat less than and microbial activity due to gradual decomposition of the average of 1.25% reported by Bouwman (1994) folorganics (Beauchamp, 1997; Ellis et al., 1998) . High lowing an analysis of 87 agroecosystems amended with concentrations of NO 3 in NH 4 -and waste-treated plots mineral and organic fertilizers. However, data reported at the termination of experiments when N 2 O fluxes had here undoubtedly underestimated total loss to N 2 O in returned to baseline levels point to the potential for response to fertilization because they did not account additional N 2 O production from denitrification uncoufor additional episodic N 2 O production from residual pled from nitrification (Nielsen and Revsbech, 1998) if NO 3 -N in response to precipitation. Thus, these experisoil moisture conditions become favorable.
ments, which purposely excluded rainfall, simply proExperiment 2 (Table 1) et al., 1996) . No dose response for N 2 O flux was observed Increased N 2 O emission from a representative southfor NO 3 -amended soils, suggesting that N 2 O production eastern U.S. spray field fertilized with liquid swine waste from denitrification was already maximum at the low was due to the interactive effects of increases in soil fertilization rate. Limmer and Steele (1982) found denimoisture and N. Available C was in adequate supply. trification potential to be independent of NO 3 concenHigh residual soil NO 3 -N can result in additional epitration above 25 mg NO 3 -N kg Ϫ1 soil in a range of soils. sodic N 2 O efflux in response to rainfall. Some unidentiSoil NO 3 -N levels following the NO3L treatment (Fig. fied component of liquid swine waste may negatively 6b) indicate that maximum denitrification rates were impact the microbial community, as N 2 O emissions were achieved at a somewhat lower concentration here. Comsignificantly less than for soils amended at a comparable parable time-integrated N 2 O fluxes for the NO3L, level with a liquid NH 4 -N fertilizer. Nitrous oxide emis-NO3H, and NH4H treatments (Table 1 ) strongly sugsion from fertilization was directly related to the level gested that most N 2 O production in response to spray of fertilization to 150 kg N ha Ϫ1 . Loss of applied N to field fertilization results from denitrification. N 2 O (0.05-1.0%) was somewhat lower than previously The best predictor of N 2 O flux was % WFPS, as a reported, but these estimates did not include rainfallsignificant positive correlation was found between these stimulated emission after fluxes had returned to prefertwo variables for five of the seven treatments that intilization levels. volved N addition in this study. This is in accord with the observation made previously that % WFPS immediately after fertilization was likely optimum for N 2 O produc- 
CONCLUSIONS
1994).
on carbon dioxide and nitrous oxide production in tilled and non-
